Substitution of leucine for isoleucine at residue 50 (I50L) of human immunodeficiency virus (HIV) protease is the signature substitution for atazanavir (ATV) resistance. A unique phenotypic profile has been associated with viruses containing the I50L substitution, which produces ATV-specific resistance and increased susceptibility to most other approved HIV protease inhibitors (PIs). The basis for this unique phenotype has not been clearly elucidated. In this report, a direct effect of I50L on the susceptibility to the PI class is described. Cell-based protease assays using wild-type and PI-resistant proteases from laboratory and clinical isolates and in vitro antiviral assays were used to demonstrate a strong concordance between changes in PI susceptibility at the level of protease inhibition and changes in susceptibility observed at the level of virus infection. The results show that the induction of ATV resistance and increased susceptibility to other PIs by the I50L substitution is likely determined at the level of protease inhibition. Moreover, the I50L substitution functions to increase PI susceptibility even in the presence of other primary and secondary PI resistance substitutions. These findings may have implications regarding the optimal sequencing of PI therapies necessary to preserve PI treatment options of patients with ATV-resistant HIV infections.
Human immunodeficiency virus (HIV) protease inhibitors (PIs) are used in combination with other antiretroviral agents to treat HIV infections. Such combination therapies, known as highly active antiretroviral therapy (HAART), create enormous benefit for patients by suppressing HIV replication and delaying the progression of HIV disease (12, 13) . Due to selective pressure exerted by the antiviral action of HAART, viruses that are resistant to inhibition by the antiviral agents can emerge over time (46) . This decrease in susceptibility of circulating virus, or phenotypic resistance, leads to virologic rebound and treatment failure.
Phenotypic resistance to HIV PIs is typically associated with genotypic changes in the HIV protease and the substitution of key amino acid residues that alter PI susceptibility (19, 44) . The protease is required during infection to carry out specific cleavages of the gag and gag-pol polyproteins (17) , producing the mature structural proteins that make up viral capsids and the enzymes required for genome amplification (8, 18, 36) . Key amino acid substitutions in PI-resistant proteases, known as primary substitutions, interfere with the binding of drug molecules within the protease active site (4, 7, 9, 14, 16, 21, 24, 32, 33, 40) . These substitutions can also reduce the binding of natural substrates and, consequently, reduce the overall cleavage efficiency of the viral protease (7, 25, 39, 47, 50 ). This in turn may lead to impaired replication of the PI-resistant virus (7, 10, 27, 28, 50, 51) . Additional secondary amino acid substitutions in the protease can occur which compensate for the deleterious effects of primary substitutions, thereby improving the replicative fitness of the drug-resistant virus (10, 28) . Secondary substitutions do not impart resistance on their own, typically, but they may alter the resistance associated with primary substitutions or restore viability (5, 7, 42) . Other compensatory substitutions can occur at the protease cleavage sites, allowing for improved processing by the drug-resistant protease (3, 9, 22, 25, 41, 51) . The cumulative result of the different types of genotypic changes in PI-resistant HIV is an enhanced ability to replicate in the presence of drug concentrations that would normally suppress wild-type virus replication.
The development of phenotypic resistance can be monitored using in vitro tissue culture assays to measure antiviral susceptibility. These in vitro systems can also reveal important details about the mechanism by which phenotypic resistance emerges and about the potential consequences of resistance development that may ultimately help guide strategies for therapeutic intervention. In many instances the substitutions that cause resistance to one PI confer some level of cross-resistance to other PIs (2, 11, 15, 23, 29, 38, 45, 47) . Less commonly, signature substitutions for specific PIs may arise that cause specific resistance to a given PI with little or no effect on the susceptibility to other PIs, such as the D30N substitution associated with nelfinavir resistance (34) . The emergence of cross-resistance can confound the selection of drugs used to treat HIV infections and may result in fewer treatment options for the patient if PI therapies are not sequenced optimally. So understanding the consequences of resistance development for each PI is important with respect to potential treatment alternatives and successful outcomes for patients.
Atazanavir (ATV) is a potent, once-daily HIV PI approved for the treatment of HIV type 1 (HIV-1) infections. Evaluation of the in vitro drug susceptibilities of a large panel of ATVnaïve HIV clinical virus isolates revealed a distinct resistance profile relative to other PIs (6) . Characterization of virus isolates from PI-naïve patients who failed ATV therapy led to the identification of a signature substitution of leucine for isoleucine at residue 50 (I50L) of the protease in 100% of ATVresistant isolates (5) . The same substitution emerged in ϳ30% of PI-experienced patients who failed ATV therapy. Viruses containing the I50L substitution exhibited a unique phenotype of ATV-specific resistance coupled with significantly increased susceptibilities to other PIs. This occurred in clinical virus isolates with diverse genetic backgrounds, as well as in engineered laboratory strains designed to mimic ATV-resistant HIV (5) . It was also found that the I50L substitution significantly impaired viral replication kinetics. The clinical significance of these observations remains to be elucidated, but the emergence of I50L-containing viruses during ATV therapy may, at a minimum, preserve susceptibility to other PIs and retain future PI treatment options. With the clear demonstration of increased susceptibilities to other PIs demonstrated at the virus level, the aim of the current study was to further understand the underlying mechanism(s) involved and determine if HIV-1 protease processivity played a role in this distinctive resistance profile.
MATERIALS AND METHODS

Expression vectors and provirus constructs.
To construct a gag-pol expression vector, a 3,460-bp region of HIV (NL4-3) DNA spanning the gag/gag-pol initiation codon to the end of the reverse transcriptase domain was amplified from a proviral clone using the primers 5Ј-ATCGCGGGATCCGCCACCATGGGTG CGAGAGCGTCGG-3Ј and 5Ј-ATCCGGTTAACTTATAGTACTTTCCTGA TTCCAGCAC-3Ј, which incorporated BamHI and EcoRV restriction sites (underlined), a consensus Kozak sequence, and a stop codon directly after the natural cleavage site between reverse transcriptase and integrase. Primers were obtained from Sigma Genosys (The Woodlands, TX). The BamHI-EcoRV fragment was cloned downstream of the T7 promoter in pcDNA3.1ϩneo (Invitrogen, Carlsbad, CA). HIV-1 NL4-3 proviral clones were obtained through the AIDS Research and Reference Reagent Program, National Institutes of Health. Recombinant HIV-1 strains with defined substitutions in the protease gene were generated by QuikChange site-directed mutagenesis as recommended by the manufacturer (Stratagene, La Jolla, CA). The chimeric NL4-3 100B proviral clone (5) was constructed by replacing the ApaI/SbfI fragment of the pNL4-3 clone with the corresponding fragment generated by reverse transcription-PCR from a patient virus isolate. The DNA sequence of all constructs was determined by the BMS Applied Genomics Sequencing Facility (Wallingford, CT).
Cells and viruses. BHK-21 cells were cultured in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, and antibiotics. A viral T7 RNA polymerase expression vector, MVA-T7 (modified vaccinia virus Ankara strain expressing T7 RNA polymerase, provided by Bernard Moss) (48) , was propagated in BHK-21 cells and used in cell-based assays at a multiplicity of infection of 3.5 to 5 PFU per cell, prior to transfection with gag-pol expression vectors (see below). HEK 293T and MT-2 cells were obtained from the NIH AIDS Research and Reference Reagent Program. The 293T cells were propagated in DMEM supplemented with 10% heat-inactivated FBS, 10 mM HEPES buffer (pH 7.55), 2 mM L-glutamine, 100 units/ml penicillin G, 100 units/ml streptomycin, and 0.25 g/ml amphotericin B. MT-2 cells were cultured in RPMI 1640 medium supplemented with 10% FBS, 2 mM L-glutamine, and 10 mM HEPES buffer. HIV-1 stocks were generated by transient transfection of proviral DNA into 293T cells using Lipofectamine reagent (Gibco BRL). The viruses were harvested 72 h posttransfection and amplified in MT-2 cells, and titers were determined in the same cells using a virus yield assay. For antiviral assays, MT-2 cells were infected with recombinant viruses at a multiplicity of infection of 0.005 50% tissue culture infective doses per cell. At 5 days 20 l of culture medium was added to 40 l of reaction cocktail {62.5 mM Tris HCl (pH 7.8), 100 mM KCl, 0.0625% NP-40, 2.5 mM dithiothreitol, 6.25 mM MgCl 2 , 1 mM EGTA, 6.25 g/ml poly(rA), streptavidin SPA beads with bound biotinylated dT 18 , and 1 4 to 3 ϫ 10 4 cells/well were infected with MVA-T7 in 25 l DMEM-2% FBS using a multiplicity of infection of 3.5 to 5 PFU per cell 1.5 h prior to transfection. Each well was transfected with 100 ng of a T7-gag-pol expression plasmid using Lipofectamine reagent and Plus reagent (Invitrogen) in a total volume of 62.5 l, according to the manufacturer's instructions. The liposome-DNA mixture was left on cells for 5 to 6 h, after which culture supernatants were replaced with 70 l DMEM plus 2% FBS and incubated for an additional 12 to 16 h. Inhibition studies were conducted with PIs serially diluted in the same medium containing 0.2% dimethyl sulfoxide. Cell monolayers were lysed in 12.5 l/well Tris-buffered saline (TBS)-0.1% sodium dodecyl sulfate-1% NP-40-5 mM EDTA supplemented with 0.1 to 0.2 U/l Benzonase nuclease (Novagen) and incubated for 5 to 10 min at 37°C prior to addition of 12.5 l 2ϫ Laemmli sample buffer. Samples were stored at Ϫ20°C in sealed PCR plates.
Western blots and protease 50% inhibitory concentration (IC 50 ) determinations. Dose-response measurements were performed by monitoring p24 accumulation in Western blots. Cell lysates were separated in 4 to 20% Tris-glycine gels (Invitrogen) and then transferred to immunoblot polyvinylidene difluoride membranes (Bio-Rad) in 1ϫ Tris-glycine buffer (Bio-Rad)/20% methanol. Membranes were incubated overnight at 4°C with 5% Carnation nonfat dry milk in 1ϫ TBS to block nonspecific binding. Blocked membranes were washed twice in 1ϫ TBS-0.5% Tween (TBS-T) and then incubated with anti-p24 monoclonal antibody (MAb; Perkin-Elmer; NEA-9306) in TBS-T-1% bovine serum albumin for 1 h at room temperature. After four washes in 1ϫ TBS-T, the blots were incubated with alkaline phosphatase-conjugated secondary antibodies (Bio-Rad) in TBS-T-1% bovine serum albumin for 1 h at room temperature. After four additional washes in 1ϫ TBS-T, alkaline phosphatase was detected by placing the washed blots protein side down onto 0.2 ml enhanced chemifluorescent substrate (Amersham Pharmacia Biotech) and scanning them immediately using a Molecular Dynamics Storm 860 imager (Amersham Bioscience Corp., Piscataway, NJ). Western blot images were analyzed using ImageQuant 5.0 (Molecular Dynamics) to determine the level of p24/p25 as a fraction of total immunoreactive p24-related proteins.
Selection of lamivudine-resistant HIV using I50L-containing viruses. MT-2 cells (5 ϫ 10 5 /ml) were incubated with the NL4-3 recombinant 100B (genotype I50L, L63P, K70R, A71V, and G73S virus) (5) at a multiplicity of infection of 0.1 for 90 min. Following virus adsorption, infected cells were washed free of the virus inoculum and resuspended in culture medium in the presence or absence (control) of lamivudine at a concentration two times the EC 50 . The lamivudine concentration was increased over sequential passages performed when cells exhibited significant cytopathic effects. Typically, 0.5 ml of infected culture supernatant was transferred to fresh MT-2 cells at a 1:5 (vol/vol) ratio every 4 to 6 days. The infected culture supernatant was collected and stored at Ϫ80°C for drug susceptibility testing and genome sequence analysis (reverse transcriptase and protease genes). Control cultures lacking lamivudine were maintained in parallel under conditions identical to those for the lamivudine-containing cultures.
RESULTS gag processing assay.
Previous studies demonstrated that HIV-1 isolates with a protease containing an I50L substitution exhibited ATV-specific resistance, increased susceptibility to other PIs, and impaired viral replication (5). Enhanced susceptibility to nearly an entire class of antiretroviral agents is somewhat surprising, but since the equivalent increases are not observed when I50L-containing viruses are assayed for susceptibilities to other classes of antiretrovirals (unpublished data), this characteristic is not likely due to impaired growth properties of I50L-containing viruses.
To further investigate the role of the protease itself in PI susceptibility when an I50L substitution is present, a cell-based assay for HIV protease was developed. This assay monitored the proteolytic processing of p55 gag, the natural substrate of HIV protease, when T7 gag-pol expression plasmids were transfected into cells infected with a vaccinia virus (Ankara) derivative, MVA-T7, expressing T7 RNA polymerase (48) . The transient cytosolic expression of both p55 gag and the gag-pol protease precursor inside cells resulted in specific cleavages of p55. These cleavages were monitored by assays with Western blots probed with a p24-specific MAb and quantified by using enhanced chemifluorescence detection.
Lysates of cells expressing the wild-type (NL4-3) gag-pol gene were used to reveal the time-dependent processing of intracellular p55 gag. After the initial accumulation of fulllength p55 gag, Western blots indicated decreasing levels of p55 and increasing accumulation of p24 up to 24 h posttransfection (Fig. 1A) . In addition to p24, the predicted cleavage intermediates p41 and p25 were also detected. The identification of the expected cleavage products indicated that p55 gag was cleaved at the appropriate primary (SP1/NC), secondary (MA/CA), and tertiary (CA/SP1) cleavage sites. Alteration of the catalytic aspartic acid residue at position 25 in the protease open reading frame to asparagine (D25N) resulted in the accumulation of intact p55 gag and of the gag-pol precursor, at much lower levels than gag, and eliminated the accumulation of all p24-related cleavage products (data not shown). These observations demonstrated a requirement for HIV protease activity and were consistent with the expression of both gag and gag-pol (the latter at reduced levels through ribosomal frameshifting), resulting in the enzymatic activation of HIV protease and the authentic processing of p55 gag.
The I50L substitution was introduced into the gag-pol expression vector to determine its effect on protease cleavage. The A71V secondary substitution was also introduced, alone and in combination with I50L, because it is observed in conjunction with I50L in ϳ50% of proteases from ATV-resistant HIV-1 isolates and has been reported to enhance the I50L phenotype (5). The individual I50L and A71V single mutants ( Fig. 1B and C, respectively) and the I50L/A71V double mutant (Fig. 1D ) each gave rise to the same cleavage products observed with wild-type protease. The I50L-containing mutants both cleaved the majority of p55 in the cells but produced a higher proportion of the cleavage intermediate p41, suggesting that the secondary cleavage step (MA/CA) may be impaired for these mutants. The I50L substitution resulted in a 50% reduction in the accumulation of total p24/p25 cleavage products in both the presence and absence of the A71V substitution ( Fig. 1B and D) .
PI susceptibility of I50L/A71V, I50L, and A71V proteases. The addition of HIV PIs to the media of cell cultures expressing HIV gag-pol revealed dose-dependent inhibition of gag processing, indicated by the decreasing accumulation of p24/ p25 and the increasing accumulation of unprocessed p55 gag with increasing drug concentrations. To derive IC 50 s for protease inhibition, the relative levels of the p24/25 proteins, expressed as the fraction of total p24-related proteins, were quantified and plotted as a function of drug concentration. Dose-response curves were generated with wild-type, I50L, A71V, and I50L/A71V proteases for a panel of marketed HIV PIs that included ATV, amprenavir (APV), indinavir (IDV), lopinavir (LPV), nelfinavir (NFV), ritonavir (RTV), and saquinavir (SQV). The wild-type protease was susceptible to inhibition by added PIs and exhibited IC 50 s in the range expected for each PI (Fig. 2) .
Introduction of the I50L substitution alone led to a twofold decrease in susceptibility to ATV and significant increases in the susceptibility to five of the six other marketed PIs. The A71V substitution alone had a modest and uniform effect on PI susceptibilities. The combination of I50L and A71V substitutions led to a further increase in resistance to ATV (to sevenfold) while maintaining the increased susceptibility to other PIs (Fig. 2) . The susceptibilities of RTV and LPV were most dramatically affected by the I50LϩA71V double substitution, with an average increase in susceptibility of 10-fold and 8-fold, respectively, relative to wild type. The susceptibilities to IDV and SQV were increased an average of four-to sixfold, while the increase in susceptibility to NFV was less dramatic (threefold). The susceptibility of protease to APV was increased only modestly, if at all, by the I50LϩA71V substitutions, a result that is very similar to what has been reported with clinical virus isolates (5).
The reduced susceptibilities to ATV of I50L and I50LϩA71V substituted proteases shown in Fig. 2 (twofold and sevenfold, respectively) were quite similar in magnitude to changes in antiviral susceptibility reported previously when these substitutions were introduced into the isogenic NL4-3 virus strain (5) . Comparison of the relative PI susceptibilities of the I50LϩA71V protease with the corresponding virus susceptibilities, both in the isogenic NL4-3 background and in genetically more diverse clinical isolates (also reported in reference 5), shows that changes in protease susceptibilities closely mirror the changes in antiviral susceptibilities (Fig. 3) . These results suggest that phenotypic changes for HIV isolates with the I50LϩA71V substitutions, including both ATV-specific resistance and broadly increased susceptibility to other PIs, are exhibited at the level of enzyme susceptibility to each PI.
I50L increases the susceptibility of engineered PI-resistant HIV proteases. Combinations of primary PI resistance substitutions sometimes cause increased levels of PI resistance beyond that observed with either change alone (3, 30, 47) . Given that the I50L resistance substitution conferred increased susceptibility to most PIs, it was of interest to determine whether this effect could be manifested in the presence of other primary resistance substitutions. For this, individual protease variants were generated with each of the prevalent primary PI substitutions D30N, M46L, G48V, V82A, I84V, and L90M commonly associated with PI resistance. Each substitution was introduced alone, in combination with A71V, and in combination with I50LϩA71V. All of the mutant proteases gave rise to the same cleavage intermediates as wild-type protease and cleaved Ͼ85% of the available p55 by 24 h, with one exception. The D30N protease cleaved only 60% of p55 by 24 h, indicating that the D30N substitution impaired proteolytic processing (data not shown). This impairment led to a three-to fivefold reduction in the accumulation of p24/25, relative to wild-type protease, in the presence and absence of the A71V substitution. The remaining substitutions all reduced the accumulation of p24/25 by less than twofold, either alone or combined with A71V, with the M46L and L90M proteases producing wildtype levels of cleavage products (data not shown). As described earlier, the I50L substitution caused a twofold reduction in the accumulation of p24/25 in both the wild-type and A71V protease backgrounds. The I50L substitution also reduced the level of p24/25 accumulation by twofold when combined with A71V and each of the other primary resistance substitutions, clearly indicating that this facet of the I50L phenotype was manifested in the presence of other primary substitutions.
Each of the single (primary substitution), double (primary substitution ϩ A71V), and triple (primary substitution ϩ A71V ϩ I50L) mutant proteases were subsequently tested for inhibition using the panel of marketed PIs. The effects of adding A71V to primary resistance substitutions were generally small in magnitude (Ͻ2.5-fold) and showed no consistent trends, increasing susceptibility slightly in some cases and decreasing them slightly in others (data not shown). For the double mutants, there were nine instances in which PI susceptibility was reduced by 2.5-fold or greater: D30N with NFV, M46L with ATV and IDV, G48V with SQV, I84V with APV, ATV and IDV, and L90M with SQV and IDV (Fig. 4 , white bars), and these reductions corresponded generally to the effects on antiviral susceptibility reported previously for each of the primary substitutions (1, 44) . The V82A substitution with A71V had only modest effects on all PIs tested, reducing susceptibility of no PI by more than 2.5-fold. These results for the other primary substitutions were in contrast to the effect of the I50L substitution, described above (Fig. 2) .
Addition of an I50L substitution to each double mutant protease had two major effects on PI susceptibility. First, as expected, it reduced susceptibility to ATV in all six PI-resistant (Fig. 4, shaded bars) . Second, the I50L substitution dramatically increased the susceptibility of PI-resistant proteases to most of the other PIs. Susceptibility to APV again appeared to be the exception, as APV inhibition was only modestly impacted by the presence of an I50L substitution, if at all, and trended neither higher or lower. Excluding ATV and APV, the addition of an I50L substitution led to increased protease susceptibility in 29 out of 30 cases (five drugs versus six proteases) involving IDV, LPV, NFV, RTV, and SQV. While the sizes of these increases were not all of significant magnitude (i.e., Ͼ2.5-fold), they did show a clear and broad trend toward increased PI susceptibility associated with the I50L substitution. The greatest increases in susceptibility were again observed with LPV and RTV, with average increases of fourfold and fivefold, respectively, across all protease backgrounds. Increases in susceptibility to NFV and SQV were also observed consistently, though increases for the M46L and G48V backgrounds were of smaller magnitude (2-to 2.5-fold). Significant increases in susceptibility to IDV were observed in four of the PI-resistant protease backgrounds, but not in the presence of G48V or D30N. Remarkably, in six of the seven instances where primary substitutions conferred Ն2.5-fold resistance to one or more PIs (excluding ATV), the addition of I50L reversed the presence of PI resistance, increasing susceptibility to the level of wild-type protease with an average increase of sixfold. The lone exception was APV resistance associated with an I84V substitution, for which susceptibility was only marginally increased (Fig. 4) .
To examine the effects of the I50L substitution on virus susceptibility in the presence of other primary resistance substitutions, three pairs of double and triple mutant PI-resistant proteases (V82A, I84V, and L90M) were transferred to the cloned NL4-3 provirus, as described in Materials and Methods. Dose-response studies with these mutant viruses showed that the primary substitutions caused significant reductions in PI susceptibility, relative to wild-type NL4-3 virus, and that, as in the protease assay, addition of the I50L substitution to each mutant backbone produced a broad trend toward increased susceptibility to other PIs. In all of 15 virus susceptibility comparisons (three viruses with five PIs: IDV, LPV, NFV, RTV, and SQV), addition of the I50L substitution increased PI susceptibility of the virus (Fig. 4, virus I50L change) . Similar to the observations made using the protease assay, antiviral resistance to PIs caused by other primary resistance substitutions was eliminated by the addition of the I50L substitution in eight of eight cases. Not surprisingly, introduction of an I50L substitution also coincided with decreased susceptibility to ATV in all three mutant viruses. only primary PI resistance substitutions and A71V. The protease analysis was extended to determine whether these results are truly predictive of what would be expected of I50L variants from patients failing treatment with ATV-containing drug combinations. In the clinical setting, while the I50L substitution is characteristic of ATV resistance in treatment-naïve patients, it has also emerged in PI-experienced subjects whose virus isolates have other primary and secondary resistance substitutions prior to treatment with ATV. To determine whether these diverse backbones could influence expression of the I50L phenotype, the protease regions from three paired baseline and on-treatment patient samples from ATV clinical trials were cloned into the gag-pol expression vector. Individual clones were then identified with matching genotypes except for the absence and presence of I50L in the baseline and ontreatment samples, respectively. Due to prior exposure to PIs at study entry, each of these isolates had multiple backbone substitutions known to affect resistance to PIs, including one or two primary PI resistance substitutions (e.g., D30N, M46I, V82A, and L90M) in addition to 8 to 11 secondary substitutions (Table 1 ).
In the transient expression assay, the normal profile of gag cleavage intermediates and cleavage products was observed for each clinical isolate protease and, as with the engineered mutants described above, the on-treatment isolates with I50L substitutions typically produced two-to threefold-less p24/p25 than the baseline isolates (data not shown). The results of dose-response titrations demonstrated reduced susceptibility to ATV and a broad trend toward increased susceptibility to other PIs upon the emergence of I50L in each of the three multiply substituted proteases (Table 1) . Increases in protease susceptibility of various magnitudes were observed in 14 out of 15 cases for five PIs (IDV, LPV, NFV, RTV, and SQV). As observed with the laboratory strain proteases, no significant changes were observed for APV as a result of adding the I50L substitution.
Phenotypic analysis of clinical isolates with and without I50L. To better understand the potential clinical significance of this finding, a survey was conducted of clinical isolates evaluated during the course of ATV clinical trials. Three such subjects who had either a D30N, V82A, or L90M substitution and subsequently developed an I50L substitution on ATV therapy are profiled in Fig. 5 . Apart from their primary substitution, all three had 11 to 14 additional secondary and polymorphic changes throughout the protease prior to emergence of an I50L substitution. Phenotypic profiles showed a very familiar picture, with increased resistance levels to ATV and increased susceptibility to LPV, NFV, RTV, and SQV upon emergence FIG. 5 . Susceptibilities of clinical isolates at baseline and after emergence of I50L substitutions while on treatment with ATV. Susceptibilities (FC) of clinical isolates at baseline (no I50L) (white bars) or after emergence of I50L substitution (black bars) are measured relative to a wild-type reference strain (from ViroLogic). Protease genotypes are shown for both baseline and on-treatment samples with primary resistance substitutions underlined. of an I50L substitution (Fig. 5) . Susceptibility to APV increased modestly in two of the cases, again in line with the in vitro results discussed above in which the I50L substitution had a minimal effect on APV susceptibility. IDV susceptibility was not determined in these studies. Stability of I50L substitution. While the clinical significance of these findings remains to be determined in clinical studies focused on PI sequencing, an in vitro study was conducted to determine the stability of the I50L substitution in the absence of ATV. A recombinant NL4-3 proviral clone containing the protease gene from an ATV-resistant clinical isolate originating in a study with the substitutions I50L, L63P, K70R, A71V, and G73S (NL4-3 100B [5] ) was passaged in cell culture in the absence of any inhibitors. Despite the growth impairment exhibited by this recombinant virus, there was no evidence of reversion to isoleucine at residue 50 over 11 passages covering 54 days (unpublished data). To ensure that sufficient viral replication was taking place during these passages to select for changes, a second study was conducted in which the same I50L-containing virus was passaged in the presence of increasing concentrations of lamivudine. Results showed that, following 11 passages encompassing 54 days in culture, the I50L substitution was retained while an M184I lamivudine resistance substitution emerged by passage 7 (36 days). These results suggest that viruses containing an I50L substitution do not readily eliminate this substitution in the absence of ATV, despite the consequence of growth impairment. While I50L viruses are unlikely to compete in a mixed population with viruses that are not growth impaired, the I50L substitution may have clinical utility in patients with sustained antiretroviral suppression.
DISCUSSION
The emergence of HIV protease resistance substitutions during antiviral therapy with PIs is often associated with reduced PI susceptibility and poses a significant problem for the treatment of HIV-1-infected patients. Resistance-associated substitutions can arise during treatment with all of the PIs currently available and generally confer reduced susceptibility to multiple PIs, not just the one being used at the time of treatment failure. Less commonly, a signature substitution can arise that results in specific resistance to only a single PI without affecting susceptibility to other PIs, e.g., D30N with NFV (34) . ATV is similar to NFV in selecting for a unique signature I50L substitution in the HIV protease but differs in that this is an exclusive resistance pathway for ATV in PI-naïve subjects. This substitution not only is ATV specific but does not result in cross-resistance to any other PI and consistently increases the antiviral susceptibility to most other PIs currently used for treating HIV infections (5) . This finding suggests a potential strategy for preserving and perhaps even enhancing the treatment options using HIV PIs for patients failing ATV therapy.
We found that the unique increases in PI susceptibility resulting from the presence of an I50L substitution are unlikely to be due solely to viral growth impairment, since other classes of antiretroviral agents fail to show the uniform increases observed with PIs. To explore the underlying mechanism further, a cell-based HIV protease assay in a system devoid of viral replication was developed in order to characterize how properties of I50L-containing protease might relate to the virus phenotypes. Introduction of the I50L substitution led to a twofold reduction in protease activity regardless of the protease backbone employed, both wild type and PI resistant. Reduced proteolytic cleavage efficiency has been associated with other primary substitutions (35, 43, 50) , and reduced replicative capacity due to resistance substitutions is a common feature of PI-resistant HIV (28, 37, 50) . It was reported previously that the I50L substitution in HIV protease also led to impaired replication kinetics of I50L-containing viruses (5). It appears likely now that the impaired replication of I50L-containing viruses is a direct result of the reduced proteolytic activity of I50L-containing proteases.
Protease susceptibility assays clearly demonstrated that the I50L substitution confers reduced susceptibility of the protease to ATV and increased susceptibility to IDV, LPV, NFV, RTV, and SQV. Only modest effects on APV susceptibility were observed in protease assays, though a similar trend toward increased susceptibility was observed. The changes in PI susceptibility for the I50LϩA71V protease closely mirrored the changes in antiviral susceptibility reported for HIV strains containing the I50LϩA71V substitutions (5). The striking similarity between profiles for the protease assayed in isolation and that of replicating viruses strongly suggests that the increased virus susceptibility to other PIs is likely determined at the level of protease susceptibility.
The results of assays with PI-resistant proteases in both engineered laboratory strains and clinical isolates strongly indicated that the I50L substitution can also counteract the reduced susceptibility caused by other primary substitutions known to confer PI resistance. Five of the six clinically relevant primary resistance substitutions tested conferred significant resistance to one or more PIs in the cell-based protease assay, exhibiting resistance levels of 3-to 13-fold (Fig. 4) . Addition of an I50L substitution to each mutant background counteracted this PI resistance, increasing protease susceptibility by an average of sixfold and achieving wild-type levels of inhibition. The lone exception was APV resistance due to the I84V substitution, which was not counteracted by the I50L substitution. If the increased susceptibility to PIs is related directly to changes in PI binding caused by the I50L substitution, then perhaps it is possible that leucine at this position interferes with and precludes enhanced binding of APV.
Antiviral assay results for three viruses bearing engineered protease substitutions (Table 1 ) and three chimeric viruses bearing proteases from clinical isolates paralleled the results of protease assays. In each case, the presence of the I50L substitution was clearly associated with reduced susceptibility to ATV and increased virus susceptibility to other PIs. The magnitudes of susceptibility increases corresponded quite well between the protease assay and the antiviral assay for engineered mutants in the NL4-3 laboratory strain but were somewhat more varied for the genetically more complex clinical isolates. Still, as in the protease assays, there was no evidence of crossresistance to any other PI for any of the virus mutants evaluated.
There is no precedent for the unique phenotype of broadly increased susceptibility to others PIs associated with the I50L substitution. From the results reported here, it appears very unlikely that either reduced protease activity or reduced rep- licative capacity per se can account for this unique phenotypic profile. As determined here, four of the six other primary protease substitutions examined had reduced protease activity, yet none of these displayed any tendency toward increased susceptibility to PIs. The D30N substitution that confers NFV resistance provides a valuable point of comparison in this regard, as it was by far the most significantly impaired of all the mutant proteases examined. A direct comparison based on our results indicates that the I50L protease probably has slightly greater proteolytic activity than the D30N protease. If reduced protease activity were to enhance the susceptibility of HIV protease to any PI, then the D30N protease might exhibit significant increases in susceptibility to other PIs. The results clearly showed no such trend for increased susceptibility of the D30N protease. Similarly, an indirect effect of impaired virus replication on HIV susceptibility to other inhibitors is not likely to explain the unique phenotype of I50L-containing viruses. If it did, many previously described HIV isolates with impaired replication kinetics might display a similar phenotypic profile, yet the I50L phenotypic profile is novel. Also, HIV containing the D30N substitution exhibits significantly impaired viral replication kinetics (28, 37 ), yet phenotypic studies have shown that D30N confers NFV resistance without affecting susceptibility to other PIs (5, 26, 31, 34) . Taken together, these observations suggest that neither reduced protease activity nor impaired replication kinetics alone is sufficient to confer enhanced PI susceptibility on HIV.
The phenotype of I50L-containing proteases is quite unique and distinct from the effects of other primary PI resistance substitutions, including the I50V (valine) primary substitution associated with APV resistance (23, 45) . The I50V substitution reduces enzymatic activity of the protease, but unlike the I50L protease, I50V contributes to reduced susceptibility to both RTV and LPV and is associated with increased susceptibility to SQV and IDV in vitro (33, 35) . While viruses containing the I50V substitution also display impaired replication kinetics (22) , they typically display cross-resistance to other PIs (though not to ATV) with no trend toward increased susceptibility to other PIs (20, 23, 33, 35, 45) . The frequency and magnitude of the observed I50L changes are distinct from those observed for I50V for APV. Viruses containing I50V or I84V substitutions displayed the greatest reductions in APV susceptibility, and four distinct genetic pathways to APV resistance have been described among clinical isolates from patients treated with APV: I50V, I54L/M, I84V, and V32IϩI47V. Apart from the I84V pathway, the other three APV resistance pathways occur with near-equal frequency, and the most frequent substitution observed in the presence of I50V was M46I/L. In contrast, the I50L substitution mediates the increased susceptibility to other PIs and has a direct impact on changes in virus susceptibility, presumably through a unique mechanism that is dependent on this specific substitution.
Conceivably, the I50L substitution may exploit a unique structural feature of ATV to cause reduced binding to the protease and, in turn, reduced susceptibility of the virus to ATV. This change might then result in either enhanced accessibility of the enzyme active site to other inhibitors or increased binding of inhibitors directly. The location of I50L in the flap region of the enzyme structure positions it to have such an effect through potential alterations of the binding pocket.
Seemingly small modifications, such as a change from the normal Ile to Leu or Val can result in ATV or APV resistance, and in the case of Leu, appears to significantly enhance susceptibilities to the other PIs. Recent studies on the structural and molecular basis for the I50L phenotype have indicated that PI binding affinities to I50L-containing proteases directly parallel the I50L phenotypic pattern observed in resistant viruses (49) .
While future studies will be needed to determine the true clinical utility of these findings, the appropriate sequencing of PI therapies may be important to exploit this property of the I50L substitution and to optimize PI treatments for HIV-infected patients.
